Additional Indexing Words:
Intra-arterial pressure Blood pressure measurement THE auscultatory technique for estimating blood pressure is one of the most important and frequently used clinical measurements. Yet, the physical basis of the method is poorly understood. The origin of the Korotkoff sounds still remains an unsettled question. [1] [2] [3] [4] [5] In addition, there are several other aspects of the technique that have not been clarified.4 For example, it is not known whether the intra-arterial pressure in the occluded segment is at the same or a different level than the cuff pressure. Neither has it been determined in man whether significant augmentation of systolic pressure caused by summation of reflected waves occurs proximal to the occluded segment. Although it has been postulated that the compression is greater in the center than at the Muffling Korotkoff sounds ends the length of the occluded segment remains unknown. Finally, the pressure gradient through the compressed segment during the various stages of cuff deflation has not been determined in man. The arterial pressure probably cannot be measured with great precision by the indirect method. Nevertheless, clarification of the hemodynamic changes induced by the compressing cuff would provide a sound physical basis for establishing the criteria to be used in estimating systolic and diastolic blood pressure by the auscultatory method. In the present report some of the dynamic reactions produced by the compressing cuff are elucidated and their implications with regard to the auscultatory criteria for estimating blood pressure are discussed.
with obesity or cardiovascular abnormalities were excluded. The purpose and nature of the procedure were explained to each patient prior to obtaining his consent.
After anesthetizing the skin and subcutaneous tissue with lidocaine a 16- The frequency response of the catheter-transducer system was tested for us by Dr. Peter Luchsinger, using a mechanical pulse-wave generator. When carefully filled to exclude air bubbles the pressure recording system was flat and free from phase shift to 30 cps.
The blood pressure gradient through the compressed segment was reconstructed from the sequence of recordings as follows: first, the series of intra-arterial pressure recordings taken at 2-cm intervals from just above to just below the cuff was inspected to determine whether the blood pressure remained stable during the sequence. This was done by measuring the average intra-arterial systolic and diastolic blood pressure, which was recorded during the 1-minute interval preceding cuff inflation at each of the eight catheter positions in the sequence of recordings. If the average systolic or diastolic blood pressure during these pre-inflation control periods showed deviations in any of the eight recordings greater than 5 mm Hg as compared to the other control readings the results for that sequence were discarded. In six of the subjects tested the sequence of control pre-inflation blood pressures showed deviations within the acceptable range, and these were used in plotting the blood pressure gradients.
Each recording contained three channels of information, the Korotkoff sounds, the intra-arterial blood pressure taken at a given catheter-tip position, and the cuff pressure. The location of the first Korotkoff sound (Ki) was noted on the record, and the cuff pressure was measured at this point. Intra-arterial systolic and diastolic blood pressure also was measured. Next, intraarterial blood pressure was measured at the point at which cuff pressure was 50 Figure 1 shows Korotkoff sounds and intra-arterial blood pressure recordings from two of the eight catheter positions as recorded in one of the subjects. The simultaneously recorded cuff pressures have been omitted. The upper record was taken 8 cm distal to the proximal edge of the 14-cm wide cuff ( 1 cm distal to the midpoint of the compressed segment), whereas the lower was taken 2 cm further distally at a point 10 cm from the proximal edge of the cuff.
In each record the Korotkoff sounds are shown above the intra-arterial pressure recordings. The two tracings represent the area of transition in the pressure recordings between the proximal and distal regions of the compressed segment.
In the upper recording taken at the 8-cm position small pressure fluctuations penetrated through to this level prior to the onset of the first Korotkoff sound. In more proximal locations of the catheter these pressure fluctuations appeared progressively earlier in the deflation cycle. Note that the pulse pressure increased gradually to the point of muffling (indicated by M in the sound tracing). The increase of pulse pressure was due to a fall in the diastolic level as the cuff pressure was gradually reduced, thus permitting a greater pulse amplitude to penetrate into the compressed segment.
The recording taken 2 cm distal to this point (lower half of figure 1) shows marked changes in the intra-arterial pressure tracing. No pressure fluctuations occurred until the onset of the first Korotkoff sound, indicating complete arterial occlusion at or just proximal to this point prior to KI. The intra-arterial pressure preceding KI was much lower than at the 8-cm location, being somewhat less than 40 mm Hg as compared to approximately 100 mm Hg at the point 2 cm proximally (upper half of figure 1). Thus, just prior to KI a pressure gradient in excess of 60 mm Hg was present over this 2-cm length of compressed arterial segment. The initial pressure pulse that penetrated to the 10-cm level occurred coincident with KI and was greatly altered in contour as compared to the pressure pulses recorded proximal to this level. The wave front was exceedingly steep, ending in a spike of very short duration. The diastolic pressure rose during the first eight pulse cycles following KI, which was opposite to its behavior in the segment 2 cm proximal. Although the absolute blood pressure was lower than in the proximal segment at Ki, the pulse pressure was greater.
The rate of penetration of the arterial pulse into the proximal region of the compressed segment at suprasystolic cuff pressures varied somewhat in the different subjects, the two extreme examples being shown in figure 2 . In all subjects penetration was negligible at a cuff pressure 50 mm Hg above the level of KI. At 20 mm Hg pulsations had progressed into the proximal third of the compressed segment in three subjects and to the midsegment region in the three others. At a cuff pressure 5 mm Hg above level of Ki the presence of pulsations still was limited to the proximal half of the compressed segment in the former subjects but had moved a few centimeters beyond the midpoint in the latter. The initial pulsation appearing in the distal 2 cm of the compressed segment and beyond was simultaneous with the appearance of the first Korotkoff sound in all subjects. At suprasystolic cuff pressures the pressure gradient increased through the proximal half of the compressed arterial segment; the greater the cuff pressure, the greater was the slope of the pressure gradient ( fig. 3) The diastolic pressure gradient rose considerably through the proximal half of the compressed segment at the time of Ki (fig. 4) fig. 4 and table 2) .
The onset of muffling was accompanied by a distinct change in the pressure gradient, characterized by the disappearance of both the positive gradient in the proximal segment and the negative gradient in the distal. 
Discussion
The possibility was considered that the insertion of the catheter may have produced local spasm of the arterial wall, which interfered with the production of normal Korotkoff sounds. Care was used in inserting the needle and catheter to avoid trauma to the artery.
The needle was removed immediately after insertion of the catheter, and pressure was applied to avoid hematoma. After waiting 10 minutes the Korotkoff sounds recorded with the catheter in place appeared no different from those recorded prior to the arterial puncture.
There also was no evidence to indicate that the presence of the catheter interfered with normal closure of the compressed arterial segment. If such had occurred, KI would have been recorded earlier, that is, at higher cuff pressures when the catheter protruded through the midsegment than when it was below it. However, there was no significant variation in cuff pressures at Ki when the catheter tip lay in the proximal or in the distal end of the cuff. As a further check intra-arterial pressures were recorded simultaneously from the contralateral arm in one subject before as well as after insertion of the catheter. The latter record failed to reveal any indication that the catheter altered the Korotkoff sound indications of systolic or diastolic pressure.
Circulation, Volume XXXVIII, December 1968 To our knowledge a study of the dynamic pressure changes in the compressed arterial segment has not been previously carried out. Bazett and associates6 recorded pressures proximal and distal to the compressed segment of the femoral artery of the dog but the artery was severed in order to place it within the compression chamber. They noted by inspection that the occlusion was conical and opened out both proximally and distally from the maximally compressed midsegment. This observation is consistent with the presently recorded pressure gradients during occlusion in the compressed segment of man.
The central closure of the compressed segment divides the proximal and distal parts into separate systems that equilibrate with the pressures existing in their respective vasculatures. The first recorded Korotoff sound always occurs simultaneously with the first pulse that traverses the distal segment. When the first pulse traverses the midsegment at the time of KI it passes into an arterial segment, which has a pressure drop of approximately 75 mm Hg over a length of only 4 or 5 cm. The steepness of this gradient must induce a marked acceleration of the blood at the moment that the occluded segment opens.
Compression of the brachial artery by an air-filled cuff produces a variety of dynamic reactions, some of which elevate and others reduce the apparent readings. Some Disappearance of sounds could not be assessed as a criterion of diastolic pressure in the present study because in some recordings sounds of low frequency and intensity persisted to levels far below diastolic pressure. It was apparent that the point selected for disappearance will vary with the acuity of hearing of the observer and possibly also with the type of stethoscope head used. In addition, it is known that following exercise or reactive hyperemia and in patients with aortic insufficiency clearly audible, post-muffling sounds may extend far below diastolic levels of intra-arterial pressure. Thus, muffling rather than disappearance seems to provide a more dependable end point for estimating diastolic pressure.
Although further investigation is needed to determine the point in the sequence of Korotkoff sounds that most accurately represents Circulation, Volume XXXVIII, Decemrber 1968 the diastolic pressure, the present study indicates that muffling is the acoustic representation of the disappearance of a diastolic pressure gradient through the compressed segment. However, because of the loss in transmission of pressure from the cuff to the artery, the indirect reading will be too high.
The amount of correction needed requires further study. The present results as well as the majority of reports in the literature, comparing the auscultatory and direct methods, suggest that approximately 9 mm Hg subtracted from the manometric reading at muffling may provide the closest estimate of intra-arterial diastolic blood pressure using a standard cuff in nonobese adults. 100 Years Ago Routine Temperature of Patients For the last sixteen years my attention has been uninterruptedly directed to the course pursued by the temperature in diseases of various kinds. The thermometer has been regularly employed at least twice daily, and in febrile patients from four to eight times a day, and even oftener, in special circumstances, for all the patients in my wards. I have also experienced the applicability of this method of investigation in very numerous cases in private practice. In this way I have gradually got together a material which comprises many thousand complete cases of thermometric observations of disease, 
